Retinal image quality is usually analysed through different parameters typical from instrumental optics, i.e, PSF, MTF and wavefront aberrations. Although these parameters are important, they are hard to translate to visual quality parameters since human vision exhibits some tolerance to certain aberrations. This is particularly important in postsurgery eyes, where non-common aberration are induced and their effects on the final image quality is not clear.
INTRODUCTION
The objective determination of the retinal image quality and its correlation with the subject's perception is a subject of growing interest over the past two decades (and so the large number of relevant publications).
Image quality at the retinal plane is usually degraded by diffraction of light, mainly in the pupil (directly related to the size), the presence of aberrations and the scattering of light by the ocular media. The image quality has been investigated under various conditions: young subjects, children, eyes implanted with intraocular lenses, eyes treated with LASIK [1] [2] [3] [4] [5] [6] [7] [8] [9] , by using both objective and psychophysic techniques [10] [11] [12] [13] [14] [15] and by studying the contribution of different components of the optical part of the human visual system [16] [17] [18] .
The measurement of the image quality through different parameters determined from Point Spread Function (PSF), Modulation Transfer Function (MTF) and Wave Aberration (W(x,y)) has been a trending topic during the last two decades. These parameters are the Strehl ratio (SR) and standard deviation (RMS) of the wavefront aberration 19 . It was found that these quantities correlate each other only if the studied eyes show small aberrations 20, 21 . The work of Guirao and Williams 22 suggests that the quality magnitudes which are measured on the retinal plane, like the SR, are more consistent with subjective measurements than those calculated in the pupil plane. Although the RMS aberration function could be a good indicator of optical quality, its minimum value does not, in general, correspond to the highest image quality. As Thibos et al. 23 indicated, metrics are useful when evaluating conventional optical systems with a high-quality optics; however, the emmetropic human eye comparatively provides a much lower image quality.
Cheng et al. 24 obtained the correlation between the visual acuity and 31 different image quality metrics in order to determine which one could best predict the behaviour of the visual image on retina and the subjective refraction of the eye under study. They concluded that the visual Strehl ratio, VSOTF, could be a good objective parameter. Later, Chen et al. 25 also concluded that the wavefront RMS or other parameters such as the SR are not, by themselves, good predictors of subjective quality of the retinal image, and proposed the neural sharpness metric as best one in order to predict the subjective quality of an image.
As we stated above, there are many possible metrics and, as showed in Hunter et al. 26 , some of them do not vary monotonically with the blur while others exhibit irregular behaviour when comatic, or other higher order, aberrations increase. In short, not all the metrics used to objectively determine the retinal image quality and visual perception are suitable.
Vision models are commonly used in digital image processing. In that field, there is also a great interest to define a parameter to quantify the degradation in an image, when it is altered by the use of compression methods (JPEG, JPEG 2000), addition of Gaussian noise, variations in contrast or other factors [27] [28] [29] . Initial works focused on the comparison of a degraded image with the original image from two objective parameters: Peak Signal-to-Nose Ratio (PSNR) and Mean Squared Error (MSE). Although they are still used, some studies have shown that there is no good correlation between the value of these parameters and the subjective perception of image, which is usually determined from the Mean Opinion Score (MOS) [30] [31] [32] . This subjective parameter, could be linked to the human eye visual acuity of a subject when viewing natural images. Natural images generally show a strong dependence between one point and its neighbourhood. This fact helps the human visual system (HVS) to perform their recognition and interpretation and, therefore, the structure of the image must be considered in defining the objective metric which determines the final image quality 33 . One of the metrics, which is widely used today, is that proposed by Wang et al. 34 , the Structural Similarity Index (SSIM). It is a Full Reference objective assessment technique. A large number of studies have shown that this index, and its derivatives, show good correlation with MOS [35] [36] [37] [38] .
The optical part of the human visual system can be considered as an element that distorts natural images. We can make the hypothesis that the subjective quality of HVS of a subject (usually measured by the decimal value of visual acuity) may be objectively evaluated using metrics that take into account the structure of the natural image. Moreover, metrics must evaluate, in a compact form, all the distortions that the optical part of HVS causes to the original scene. This requires obtaining the intensity and phase of light patterns that would be theoretically obtained in a given plane inside the eye (in particular the retinal plane) for a real object point at any distance from the eye. The process is described in section 2 of this article. In section 3, we present the metric that was used to determine the structural distortion of the image. In section 4, we study the correlation between the proposed metric, the level of blur and the subjective visual acuity measurements. Finally, we detail the conclusions reached in this work.
METHODOLOGY

Subjects
We have studied the eyes of two subjects aged 47 and 51 years and initially affected of high ametropia. These subjects were surgically treated using the PresbyLasik technique 39 . Biometric magnitudes were measured using a Pentacam system to determine topographical maps and corneal thicknesses, as well as the IOL Master to obtain their axial lengths and the sizes of the anterior chambers. We also determined the visual acuities for near and far vision (Rosenbaum card at 40 cm and Snellen chart, respectively) both considering the ophthalmic correction (NBCVA, BCVA) and without correction (NVA, VA), and the residual accommodation amplitudes (RA). Data are presented in Tables I and II . One can see that, in Table I , the subject A does not need far vision correction but still maintains near vision addition.
Regarding subject B, we did not obtain any correction both for far and near vision.
Determination of the propagated patterns
The process to determine the intensity patterns around the retinal plane starts acquiring of the topographic map of the corneal surfaces (figure 1). Once we know the corneal elevation maps, the corneal thickness map and the size of the anterior chamber before the refractive surgery, we determine the optical path length of each ray entering cornea to the plane immediately following the lens (36x36 rays for a pupil of diameter 3.6 mm). In order to simulate the effect of the crystalline lens, we use the Kooijman 40 model which consists of two aspherical surfaces and a constant refractive index. The obtained wavefront is fitted to Zernike polynomials and, taking into account the preoperative biometry and optometric data of the subject, we conveniently adjust the coefficients related to astigmatism and defocus. Thus, although we do not know the morphology of the crystalline lens, we can accurately estimate its action on an incident wavefront. This effect is assumed to remain constant after corneal surgery.
From the above wavefront, ( ) 0 W x,y , we can compute the propagated intensity patterns at any plane around the subject's retina. To this end we used the method developed by Espinosa et al. 41 . The intensity in a plane placed at a distance z from the lens is:
In equation (2), we have incorporated the Stiles-Crawford effect (SCE) 12 . Although it is related to the directionality of retinal detectors, centred SCE can be modelled as an apodizing filter 43 , with p=0.12 mm -2
. Atchison et al. 44 evaluated the influence of this effect over the visual acuity and found that SCE improves visual acuity and limits the effects of opening of the pupil, which increases the aberrations. Yoon and Williams 45 indicate that such effect causes a difference in the retinal image quality of around 6%. The influence of the incident wavelength (λ=555 nm, in our case) is taken into account through a Cauchy relation of refractive indexes of all media in the eye. We used the parameters estimated by Atchison and Smith 46 .
All the process is implemented in Matlab® and allows obtaining light patterns at the planes of interest. Figures 2 and 3 show some of the obtained light distributions of subjects pre and post PresbyLasik surgery. One can see that quality of patterns of subject A decrease after the surgery; however, in the second case, the qualitative improvement in the patterns is clear and the ametropia of the subject is corrected. The following step consists in obtaining natural images at the planes of interest. In order to do this, we convolve an initial original not distorted image (X) with the obtained light distribution at those planes of interest (figure 4), that is: 
Visual Structural Similarity Index (VSSI)
Wang and Bovik 47 , tried to emulate the human vision ability to extract structural information from natural scenes in order to implement an efficient algorithm to analyse and compare digital images. In that work, the authors proposed a universal image quality index (UQI) defined by the product of three factors: correlation between images, luminance distortion and contrast distortion. Later, those authors proposed an improvement in the index, the mean structural similarity index (MSSIM) defined as 34 :
where ( ) x , y σ the covariance between both images. These parameters are evaluated in 32x32 squared windows that are displaced pixel by pixel over the whole image (M is the number of windows). In order to avoid the undesirable "blocking" artifacts in the SSIM map, the statistical local parameters are computed using a 32x32 normalised gaussian weight function, with a standard deviation of 8 pixels.
Constants are added to avoid that the denominator equal zero. If the dynamic range of images is 255 L = , the constants
The higher is the distortion of the image with reference to the initial one, the more different is the MSSIM from the unity. We have used a modified SSIM in order to improve the computation time. As Rouse and Hemami 48 exposed, if in expression (4) we only consider the two last factors, the resultant value is practically equal to that one provided by the SSIM.
Diffraction limits the quality of the optical part of the HVS. An eye with a 4mm diameter pupil with no aberrations provides a punctual image of a size of around 5.6 μm for an incident beam of wavelength 555 nm. That is equivalent to a maximum decimal VA of 2.4. Bearing in mind that obtained patterns show in the retinal plane a size of approximately 1mm 2 , the diffraction pattern would be represented by a mask sized 3x3 px 2 . So, we chose a metric whose maximum is determined by the scene just affected by diffraction and that can be directly related to the subject's VA. We call it the Visual Structural Similarity Index (VSSI):
where the super index D stands for the initial scene convolved with the diffraction mask. 2 D) . Moreover, the value of the proposed metric computed in the retinal plane coincides with the uncorrected VA (0.05) and the maximum of the metric corresponds with the BCVA (1.2). If we take into account the sphero-cylindrical correction, the addition and the residual accommodation, when the scene is 40 cm away of the subject, the image in the retinal plane is the one corresponding to z=23.56 mm where the VSSI is 0.81, a bit lower that the one assigned subjectively.
RESULTS
Post surgery results for subject A are optimum because of the correction (distance in dioptres between two planes that present a maximum VSSI) is 4.33D, very close to the expected value. Post surgery VA is 1 while that, objectively, the VSSI value results 1.08, with no need of sphero-cylindrical correction. Regarding the post-surgery NVA, and taking into account the residual accommodation, the VSSI value, which is computed from a pattern situated at z=21.94 mm, results 0.76, also quite close to the subjective value. Furthermore, if we consider an addition of 1D, we achieve a focused plane in retina with a VSSI of 1.08, equal to the BCNVA value. Similarly, surgery in the myopic subjects (figure 6) has been objectively satisfactory. Objective values obtained with the proposed VSSI metric coincide with the subjective VA values. The VA before refractive surgery is 0.05 while the value provided by VSSI is 0.06. The measurement of the NVA at 40 cm can be simulated moving the obtained patterns 2.5D in the direction to the retinal plane. This way we admit that the image that the subject would observe in near vision without correction corresponds with that provided at the plane z=24.10 mm, which has a VSSI value of 0.13. This result agree with the NVA, whose value is 0.1. Note that the maximum value for the metric, before surgery, is 0.39. That is due to the high astigmatism of the studied eye. Obtained VSSI values for this subject after the surgery are also consistent with those provided by the VA.
CONCLUSIONS
We have show the capacity of VSSI metrics for the objective determination of human visual acuity. It takes into account both the distortion caused by the human optical system over the natural scene. Objective results for the two eyes under study agree with those obtained using visual test to measure visual acuity, both for far and near distances. The method and the metric objectively predicts the subject's visual capacity after have undergoing refractive surgery. The study can be extended by considering changes in pupil sizes or the wavelength. In recent years, the emergence of new metrics based on SSIM (SSIM Gradient, Three-Component Weighted-Weighted Information SSIM or SSIM) [52] [53] allowed to continue these studies and, improve the precision and accuracy of results but inevitably increasing complexity calculations.
